Akashiwo sanguinea is a cosmopolitan dinoflagellate that has been observed to form major blooms in coastal ecosystems around the world. A. sanguinea plays a major role in the ecology of many marine environments, including coastal ecosystems with variable salinities, where its euryhaline character makes it competitive. The study involved monthly water sampling and measurement of physical-chemical parameters at four sites from the upper reaches of the Caloosahatchee Estuary to San Carlos Bay bordering the Gulf of Mexico. Major A. sanguinea blooms were observed in the Caloosahatchee estuary, with biovolume up to 30.5 10 6 μm 3 mL 1 , equivalent to 740 cells mL 1 , in the upper estuary. The latter regions of the estuary also had the greatest range of salinity and the highest total nitrogen and total phosphorus concentrations. The dynamics of blooms are discussed within the context of spatial and temporal patterns of salinity, temperature and nutrient concentrations, as they relate to hydrologic and climatic conditions.
Introduction
The dinoflagellate Akashiwo sanguinea (Hirasaka) G.
Hansen & Moestrup plays a major role in the ecology of many marine environments, including coastal ecosystems with variable salinities, where its euryhaline character makes it competitive (Steidinger & Tangen 1996 , Phlips et al. 2011 , 2012 . Gymnodinium sanguineum was first reported as a red tide-forming organism along the coast of Japan (Hirasaka 1922) . It was later renamed A. sanguinea (Hirasaka) G. Hansen & Moestrup, based on morphologic, ultrastructural, and phylogenetic relationships among a large assemblage of gymnoid-type dinoflagellates (Daughberg et al. 2000) . It is cosmopolitan in its distribution and has been observed to form blooms in coastal ecosystems around the world (Robinson & Brown 1983 , Fukuyo et al. 1990 , Hallegraeff 1991 , Voltolina 1993 , Horner et al. 1997 , Lu & Hodgkiss 2004 , Feyzioğlu & Öğüt 2006 , including the Gulf of Mexico and the Atlantic coast of North America (Steidinger & Williams 1970 , Robichaux et al. 1998 , Steidinger et al. 1998 , Badylak & Phlips 2004 , Badylak et al. 2007 , Phlips et al. 2011 , 2012 . Blooms of A. sanguinea have been associated with mass mortalities of invertebrates and fish in various regions of the world (Cardwell et al. 1979 , Jordán 1979 , Harper & Guillen 1989 , Shumway 1990 , Kahru et al. 2004 ). In the Gulf of Mexico, blooms of A. sanguinea were the suspected cause of fish kills and marine mammal stranding in the mid-1990 s (Robichaux et al. 1998 , Steidinger et al. 1998 . Harmful effects of A. sanguinea on the behavior, physiology and survival of marine invertebrates have also been demonstrated in laboratory experiments (Fiedler 1982 , Bricelj et al. 1992 , Botes et al. 2002 .
This paper focuses on observations during bloom events of A. sanguinea in the Caloosahatchee Estuary in southwest Florida. Corresponding salinity, temperature, total nitrogen, and total phosphorus values are reported and discussed within the context of possible factors related to A. sanguinea dynamics. The results of this study and recent observations of regular blooms of A. sanguinea in a number of other Florida estuaries, including the Indian River Lagoon (Phlips et al. 2010 (Phlips et al. , 2011 and the St. Lucie Estuary (Phlips et al. 2012) , highlight the importance of this species in the subtropical environments of the Gulf of Mexico and the east coast of Florida, and provide further evidence of its tolerance to a wide range of environmental conditions.
Materials and Methods

Study site description
Caloosahatchee Estuary is located in the southwest coastal region of Florida adjacent to the Gulf of Mexico, latitude 26°34′N and longitude 81°55′W ( Fig. 1) . It is connected to Lake Okeechobee via the Caloosahatchee River. The estuary experiences periodic freshwater flushing events during the rainy season (May-October), including inputs of nutrient-rich water from Lake Okeechobee, Florida s largest freshwater lake, causing significant variability of salinity (Doering et al. 2002) .
Field collections and measurements
Samples were collected once a month at four sites in the PM hours near mid-afternoon from February 2009 through February 2010. Sites 1 and 2 were located in the upper region of the estuary, Site 3 was in the mid-estuary, and Site 4 was in San Carlos Bay (Fig. 1 ). Water was collected with an integrating sample tube, which captures water evenly from the surface to 0.1 m above the bottom sediments. Water depths at the sampling sites were approximately 3 meters. Multiple tubes of water were combined in a mixing tub to achieve a volume of approximately 10 L. Samples for phytoplankton analysis and water chemistry were subdivided on site. Phytoplankton samples were preserved with Lugol s fixative. Samples for nutrient analyses were kept on ice and frozen upon return to the laboratory. Temperature and salinity were measured on site with a HACH HQ40d (Loveland, Colorado, USA) multi-environmental probe at the surface and near the bottom.
Water analyses
Total nitrogen (TN) and total phosphorus (TP) were determined from unfiltered samples using the persulfate digestion method (SM4500-N-C and SM4500-P-B5 & E) (APHA 1995). Sample processing and analyses followed the guidelines set forth by the laboratories of the Florida Department of Health/DEP-approved Quality Assurance/ Quality Control Plan, NELAP Certification E72883.
Light microscopy
Phytoplankton composition was determined using a Leica DMIL phase contrast inverted microscope (Leica Microsystems, Wetzler, Germany) from samples collected at each site. Phytoplankton composition and morphological variants of Akashiwo sanguinea were enumerated using the Utermohl settling method (Utermohl 1958) . Phytoplankton composition was analyzed at 400x and 100x magnifications. Cells 30 μm were counted at 400x and an entire bottom count of the settling chamber was com- pleted at 100x for phytoplankton species 30 μm in size. Morphologies of A. sanguinea were identified and counted at 100X. Images of typical A. sanguinea cells were taken with a Leica DFC 320 (Leica Ltd. Cambridge, UK).
Fluorescence microscopy was used to enumerate picoplanktonic cyanobacteria at 1000x magnification (Phlips et al. 1999 ). Subsamples of seawater were filtered onto 0.2 μm Nucleopore filters and mounted between a microscope slide and cover slip with immersion oil.
Cell biovolumes were estimated by assigning combinations of geometric shapes to fit the characteristics of individual taxa (Smayda 1978) . Specific phytoplankton dimensions were measured for at least 30 randomly selected cells. Species that vary in size, such as many diatom species, were placed into size categories.
Figures involving phytoplankton were expressed as biovolume to provide a better view of the relative biomass contribution of different groups or locations.
Results
Field measurements and water chemistry
Surface water temperatures ranged from 14°C in the winter of 2010 to 32°C in the summer of 2009, and did not differ by more than 2°C between sites (Fig. 2 ).
Salinities ranged from near 0 in July-September at Sites 1 and 2 in the upper estuary to near 35 in May at Site 4 in the bay (Fig. 3 ). There was a substantial decline in salinity in response to the onset of the rainy season in May and June at Sites 1, 2 and 3. Vertical stratification of salinity was observed in June at Sites 1 and 2, and in September and October at Site 3.
Total phosphorus (TP) concentrations peaked in June during the beginning of the rainy season at Sites 1 and 2 ( Fig. 4) . TP concentrations at Sites 3 and 4 peaked in July and August. Total nitrogen (TN) concentrations peaked in July-August at all four sites ( Fig. 4 ).
Akashiwo sanguinea morphology during bloom events
Vegetative cells of A. sanguinea typically had a broad conical epicone and bilobed hypocone ( Fig. 5 ). Typical vegetative cells ranged in size from 41 μm to 64 μm in length and 32 μm to 53 μm in width. During some sampling periods there were high densities of smaller sized vegetative cells, ranging in size from 32 μm to 36 μm in length and 22 μm to 28 μm in width. Small A. sanguinea cells have also been observed to periodically dominate bloom populations of A. sanguinea in Louisiana, USA (Robichaux et al. 1998) .
Akashiwo sanguinea abundance and biovolume
Biomass of A. sanguinea, expressed as biovolume, peaked in the first half of 2009, most prominently at Sites 1 and 2 ( Fig. 6 ). Major blooms of A. sanguinea were observed in February, June and July at Site 1, and in June at Site 2. In these bloom samples, A. sanguinea represented over 90% of total phytoplankton biovolume. Akashiwo sanguinea contributed to the biovolume at Site 3 and 4 in July, but these samples also contained significant amounts of other taxa, including other dinoflagellates and diatoms. During the second half of the sampling period, total phytoplankton biovolume did not reach the same levels as in the first half of 2009, and diatoms were generally the dominant taxa, except for a bloom of another dinoflagellate species at Site 2 in January 2010 (Fig. 6 ). Peak total phytoplankton biovolumes at Sites 3 and 4 were substantially lower than at Sites 1 and 2 in the upper estuary. At Site 4 in San Carlos Bay diatoms were generally dominant, peaking in August and September.
Akashiwo sanguinea were observed over a wide range of salinities (i.e. 1-28), but the highest biovolumes were observed between 9 and 16 (Fig. 7) . The highest biovolume was near 30.5 10 6 μm 3 mL 1 , equivalent to 740 cells mL 1 of typical vegetative cells. The latter salinities were characteristic of the upper estuary, which receives freshwater inputs from the watershed.
Akashiwo sanguinea was observed at temperatures from 15°C to 32°C (Fig. 7) . High biovolumes were observed between 24-29°C. The highest cell densities of small sized A. sanguinea cells (i.e. 627 cells mL 1 ) were observed in February, when water temperature was 19°C.
Akashiwo sanguinea was observed over a wide range of total phosphorus (TP) concentrations (i.e. 0.03-0.21 mg L 1 ) and total nitrogen (TN) concentrations (i.e. 0.4-1.3 mg L 1 ) (Fig. 8) . Peak biovolumes were observed at the upper end of nutrient concentrations, which coincided with the onset of spring rains. Peak cell densities of small-sized A. sanguinea cells were associated with somewhat lower TP and TN concentrations in February. The latter trend compliments the observations of several researchers, reporting that reduced cell size in some dinoflagellate species is associated with periods of low nutrient concentrations (Silva & Faust 1995 , Smayda 2010 ).
Discussion
Since the first report of Akashiwo sanguinea blooms in Japan in the early 20 th century, the majority of bloom observations have come from temperate environments, including the California coast (Horner et al. 1997 , Rines et al. 2010 , New Jersey coast in the U.S. (Martin 1928) , Esquimart in Canada (Voltolina 1993) , the Black Sea (Gómez & Boicenco 2004) , Venice (Voltolina 1975) , Liverpool Bay (Voltolina et al. 1986 ) and the Ariake Sea in Japan ). However, given its eurythermal character ) it is not surprising that A. sanguinea blooms have also been observed in subtropical and tropical ecosystems in Brazil (Domingos & Menezes 1998) and Hong Kong Bay (Lu & Hodgekiss 2004) . The observation of A. sanguinea blooms in the Caloosahatchee Estuary adds to the list of subtropical/ tropical ecosystems where these species play an important role in phytoplankton community structure and dynamics. The current study compliments other recent reports of A. sanguinea blooms in a number of other estuaries along the coast of Florida, including the northern Indian River Lagoon (Phlips et al. 2011) , the northern St. Lucie Estuary (Phlips et al. 2012) and Apalachicola Bay (Viveros & Phlips, unpublished data). The eurythermal nature of A. sanguinea in Florida is illustrated by the wide range of temperatures over which blooms have been observed in the aforementioned ecosystems (Fig. 9) .
One feature shared by the Florida ecosystems subject to A. sanguinea blooms is the presence of significant freshwater inflows from terrestrial watersheds that depress salinities and introduce external nutrients. The well-documented euryhaline character of A. sanguinea ) likely contributes to the species success in these ecosystems. The importance of this feature of A. sanguinea is further illustrated by the observation that blooms in several Florida estuaries have been observed over a broad range of salinities below oceanic levels (i.e. 35) (Fig. 9) .
From a hydrologic perspective another feature that appears to contribute to A. sanguinea blooms in the aforementioned Florida ecosystems, including the Caloosahatchee Estuary, is the existence of periods of relatively long water residence times that provide the temporal window needed for the accumulation of biomass (Phlips et al. 2011 (Phlips et al. , 2012 . By contrast, blooms of A. sanguinea have rarely been observed in well-flushed estuaries in Florida, such as the Suwannee River Estuary (Quinlan et al. 2007) , the central Indian River Lagoon (Phlips et al. 2010) , the southern St. Lucie Estuary (Phlips et al. 2012 ) and the outer estuary of the St. Johns River (Cichra & Phlips, unpublished data) .
In terms of the relationships between nutrient concentrations and A. sanguinea biomass in the Caloosahatchee Estuary, the most intense blooms of large sized vegetative cells were observed during a period of elevated nutrient concentrations during the first two months of the rainy season (i.e. May and June) ( Fig. 4) . Later in the rainy season phytoplankton biovolume in the upper estuary declined, as salinities dropped to near freshwater levels (Fig. 3) , which likely inhibited the growth of A. sanguinea. The sensitivity of A. sanguinea to rapid and substantial declines in salinity (i.e. to less than or equal to 5) has been previously observed by Shikata et al. (2008) . In addition, high freshwater discharge rates during the peak of the rainy season reduce water residence times, precluding the accumulation of phytoplankton biomass. Similar relationships have been observed in other Florida estuaries (Robichaux et al. 1998 , Phlips et al. 2011 , 2012 , as well as estuaries in other regions of the world (Lam & Ho 1989 , Voltolina 1993 . The specific role of nitrogen enrichment in enhancing the potential for A. sanguinea blooms has been highlighted in several studies (García-Hernández et al. 2005 , Rothenberger 2007 , Kudela et al. 2008 . The importance of periodic nutrient limitation of phytoplankton production has been demonstrated in many coastal ecosystems in Florida, such as the Indian River Lagoon (Phlips et al. 2002) , Suwannee River (Bledsoe & Phlips 2000) and the St. Lucie estuary (Phlips et al. 2012) . The elevated densities of small-celled forms of A. sanguinea during periods of lower TP concentrations suggests that the Caloosahatchee may be subject to periods of phosphorus and nitrogen limitation, as suggested by Buzzelli et al. (2013) .
The aforementioned correlations between A. sanguinea and selected environmental variables (e.g. salinity, temper- ature, nutrient concentrations) provide some insights into the environmental preferences and tolerances of the species, but clearly do not provide a comprehensive list of potential driving factors for bloom events or successional patterns, which involve a wider range of considerations. For example, it has been suggested that high abundances of certain diatom, raphidophyte and dinoflagellate species may inhibit the growth of A. sanguinea through allelopathic interactions , Qiu et al. 2011 .
Another feature of A. sanguinea that may contribute to its success in a wide range of estuaries around the world is the production of extracellular mucous. Akashiwo sanguinea has been observed to produce prodigious quantities of mucilage, with estimates of up to 50% of photosynthate (Smayda 2002) excreted through pores in the cell surface (Badylak & Phlips, unpublished data) . Smayda (2002) has suggested that the excretion of mucous by dinoflagellates alters the physical and chemical structure of the water column, including the reduction of water column turbulence, which in turn favors the formation of blooms. Other researchers have suggested that the excretion of mucous by algae provide advantages in terms of nutrient availability, competition with other phytoplankton species and reduction of grazing losses (Reynolds 2006) . The presence of large quantities of mucilage may also contribute to observed negative impacts of A. sanguinea on other plankton, pelagic fauna and benthic organisms, as observed for other mucous producing algal species (Shumway 1990 , Buskey & Hyatt 1995 , Liu & Buskey 2000 , Botes et al. 2002 .
From a global perspective the eurythermal, euryhaline and mucous producing features of A. sanguinea help to explain its cosmopolitan distribution. In the subtropical estuaries of Florida subject to large freshwater inflows, the eurythermal and euryhaline character of A. sanguinea make it a competitive species throughout the year, yielding bloom events inside and outside the more typical warm season peak period of phytoplankton biomass in many Florida ecosystems. In Florida, this pattern is in contrast to bloom events of another major HAB species in Florida estuaries, the toxic dinoflagellate Pyrodinium bahamense, which is typically restricted to temperatures in excess of 25°C, reflecting the tropical nature of the species (Phlips et al. 2006) . Akashiwo sanguinea is indeed an alga for all seasons.
